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revealed 141 of 339 samples
contained V. cholerae O1
whereas only 60 samples were
positive for V. cholerae O1 from
plates without streptomycin,
suggesting a much greater
sensitivity in tracking the
pathogen than in tests without
using the antibiotic. This
provided the researchers with
greater accuracy in following
the pathogen throughout the
epidemic. As expected, the
researchers found the number
of patients suffering from
cholera rose throughout the
start of the epidemic before
cases eventually declined. But
they also found that the
presence of the toxic bacteria
and its lytic bacteriophage also
varied considerably too
throughout the epidemic.
The team found that the peak
of the epidemic was preceded
by high V. cholerae O1 levels in
water samples from the
environment to which patients
were exposed, which was
followed by high JSF4 phage
levels as the epidemic ended.
The build-up to the peak
detection of the JSF4 phage in
the environment coincided with
increasing excretion of it in the
faeces of cholera patients.
“These results suggest that
patients towards the end of the
epidemic ingested both JSF4
phage and the outbreak cholera
strain,” the authors say.
They suggest that phage
amplification in patients infected
by the disease at this stage may
have contributed to increased
phage abundance, decreasing
the numbers of environmental V.
cholerae O1 and, hence, the
collapse of the epidemic. These
results “may explain the self-
limiting nature of seasonal
cholera epidemics in
Bangladesh,” the authors report.
The authors also believe the
evidence that phage may help
control a major human bacterial
disease could be put to clinical
use. The work has “significant
implications in devising cholera
control measures by possible
phage-mediated interventions,”
the authors say.
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The optical
structures of
animal eyes
Michael F. Land
The ability to respond to light is
common to many forms of life, but
eyes themselves — structures that
break up environmental light
according to its direction of origin
— are only found in animals. At its
simplest, an eye might consist of a
small number of light-responsive
receptors in a pigmented pit,
which shadows some receptors
from light in one direction, and
others from a different direction
(Figure 1A). This definition
distinguishes an eye from an
organ with a single photoreceptor
cell, which may indeed be
directional because of screening
pigment, but which does not allow
for spatial vision — the
simultaneous comparison of light
intensities in different directions
[1]. An alternative starting point for
an eye would be for each receptor
to have its own pigmented tube
(Figure 2A), the assemblage
forming a convex cushion. In
these two proto-eye structures we
have the beginnings of the two
mutually exclusive ways of
building an eye: the single-
chambered range of eyes, often
misleadingly called ‘simple’, and
the compound eyes.
Although no eyes survive in
fossils from the Precambrian
(more than 550 million years ago)
it seems certain that eyes like
these were present from early in
the evolution of the Bilateria [2],
long before the Cambrian
explosion. Simple pit eyes (Figure
1A) are still present in flatworms,
annelid worms and molluscs, and
in many larval eyes. Proto-
compound eyes (Figure 2A) occur
in ark clams and some tube-
dwelling polychaetes, where they
act as detectors of moving
predators. Genetic,
developmental and
morphological evidence indicates
that, from the earliest times, eyes
had access to two different
photoreceptor types: ciliary
receptors, in which the
photosensitive pigment is
displayed on outgrowths of cilia,
and rhabdomeric receptors, in
Figure 1. Single-chambered eyes. 
(A) A simple pit eye, relying only on shadowing (platyhelminthes, annelids, molluscs and
many larvae). (B) Spherical lens eye (fish, cephalopods and molluscs). (C) Eye with
corneal optics (land vertebrates and spiders). (D) Eye imaging with a concave mirror
(scallops and some crustaceans). Retinal structures are shown in purple. Rays show
how light from distant points is imaged.
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which the expanded pigment-
containing membrane consists of
microvilli. The two receptor types
use different transducer
cascades, and their opsins — the
protein component of the
photopigments — are also
different. Ciliary receptors are
typical of deuterostomes
(echinoderms and chordates) and
rhabdomeric receptors of the
protostomes (annelids, molluscs
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Box 1
Basic optics of eyes.
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(A) Refraction at a plane surface,
separating materials with refractive
indices n1 and n2. According to Snell's
law:
n1 sin i1 = n2 sin i2
The insert (right) shows how Snell’s law
arises from the slowing down of the
progress of wave-fronts when they
enter a medium of higher refractive
index. Rays are perpendicular to wave
fronts. (B) Reflection at a plane mirror.
The angle of reflection r is equal to the
angle of incidence i. (C) Image
formation at a single spherical surface
separating media of refractive index n1
and n2. If the radius of curvature of the
surface is r, then the focal length — f,
the distance from the centre of
curvature C to the focus F — is given
by:
f = n1r/(n2 – n1) 
This is obtained by applying Snell’s law
to the refracted ray. If air is on the
outside (n1 = 1), as is usually the case,
this becomes:
f = r/(n2 – 1) 
(D) Image formation by a spherical
mirror. Applying the law of reflection
gives a focal length equal to r/2. In both
(C) and (D) the simple formulae only
strictly apply to rays close to the axis.
(E) In a spherical lens with a
homogeneous refractive index rays at a
distance from the axis are focussed
nearer to the lens than those close to it
(spherical aberration). This results in a
poorly resolved image, indicated by the
blur circle at C. (F) A lens with the
appropriate gradient of refractive index
(represented by the gradient of stipple)
brings all rays to the same focus at F.
This is the condition in the eyes of fish
and cephalopod molluscs. (G) Ray
paths through a lens-cylinder, which
has a cylindrical refractive index
gradient. Oblique rays are bent so that
they emerge on the same side of the
axis, which is the condition for forming
an image in Figure 2C. The structure is
analogous to a two-lens telescope
where the lenses have equal power,
with an image between them.
and arthropods), but both types
can be found in both lineages.
The development of cerebral
eyes in both of these lineages
has been associated with the
Pax-6 control gene, evidently
from early in bilaterian evolution. 
In the Cambrian period,
carnivory became important as a
way of life and both predators
and prey needed better vision.
During the hundred million years
from about 550 millions years
ago, compound and then single-
chambered eyes increased
greatly in size, in their ability to
resolve, and in optical
sophistication.
Single-chambered eyes
One way to improve the
performance of a single-
chambered proto-eye is to make
the eye bigger and the aperture
smaller, so that it becomes a
genuine pinhole eye. This is a far
from ideal solution, because the
small aperture lets in little light, and
so makes for a very insensitive
eye, and increasing the aperture
diameter drastically reduces the
ability of the eye to resolve. For
reasons that remain obscure, this
design has been retained in the
quite large (1 cm) eyes of the
cephalopod Nautilus, even though
its relatives (octopus and squid)
have eyes with excellent lenses.
Giant clams also have small
pinhole eyes around their mantles,
which do allow them to detect the
presence of browsing fish.
A much better solution is to
provide the eye with a lens,
usually spherical in marine
animals as a sphere provides the
shortest focal length for a
structure of a given diameter, and
hence the most compact design
(Figure 1B). Such a structure
might be made of protein, or
some other substance with a
refractive index higher than that of
water. Refraction at each surface
(Box 1) would bend rays and
produce an image behind the
lens. There is, however, a serious
problem with a lens of this kind.
Rays striking the outer regions of
the lens are bent too much, so
that they are focussed much
closer to the lens than rays nearer
to the lens centre. This defect is
known as spherical aberration,
and in a spherical lens this is so
severe that the image would be
effectively unusable. The solution
(attributed to James Clerk
Maxwell) is for the lens to have a
gradient of refractive index,
highest in the centre and falling to
close to that of water in the
periphery [3]. Peripheral rays are
then bent much less, and overall
the focal length of the eye
becomes much shorter — about
2.5 lens radii as opposed to 4 radii
for a homogeneous lens (Box 1).
This makes for a lens that
resolves well, and has a very high
light-gathering power — an F-
number of 1.25. 
Lenses with this construction
are found not only in fish, and
cephalopods other than Nautilus,
but also in many gastropod
molluscs, some annelid worms
(alciopids) and at least one
copepod (Labidocera) [4]. In fact
there are very few examples of
spherical lenses that have failed
to evolve this graded-index
structure. Recently it has been
shown that the lenses of some
fish are also partially corrected for
chromatic aberration (the
tendency for blue light to be
focussed closer to the lens than
red light). This is done by a subtle
variation in the refractive index
gradient that produces multiple
focal lengths, so that there is
always one plane in which in-
focus red and blue images occur
together [5].
There are a few examples of
marine eyes in which the optical
system is not a single spherical
lens, but consists of several
components. In the copepod
Copilia and some of its relatives
each eye has two lenses, arranged
rather like the objective and
eyepiece of a pair of binoculars. In
another copepod, Pontella, the
single eye has a triplet lens in
males, but only a doublet in
females [4]. The male eye only has
six receptors, but there are
nevertheless good reasons for
believing that it is involved in the
detection of mates. Amongst other
oddities are the lens eyes of
cubomedusan jellyfish (cnidarians
that seem to have optically
outflanked the bilaterian
mainstream), which hang in
structures known as rhopalia
beneath the bell and are
concerned with directing
swimming activity. Even stranger
are the remarkably eye-like
structures of certain dinoflagellates
(not even metazoans), which have
a lens and a ‘retinoid’: a semi-
crystalline structure occupying a
position where the retina would be
in a metazoan eye [6].
When vertebrates emerged onto
land their optical system
underwent an enforced
transformation. The cornea, which
in fish is simply a transparent
protective cover for the eye,
became an image-forming
structure in its own right, because
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Figure 2. Compound eyes. 
(A) Basic eye with receptors in pigment tubes (ark clams, sabellid tube worms and
starfish). (B) Apposition compound eye (diurnal insects and crustaceans). (C) Refract-
ing superposition eye (nocturnal insects, krill and mysid crustaceans). (D) Reflecting
superposition eye (decapod shrimps, lobsters).
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it now had air on one side and
water on the other. A simple
spherical surface refracts light
and forms an image
approximately 4 radii behind the
surface (Figure 1C, Box 1). Adding
this optical power to that of a
spherical lens would, other things
being equal, produce an image a
long way in front of the retina.
Most land vertebrates have
retained the lens, but with much
reduced power, so that in
mammals and birds it now acts
more as a device for
accommodation (focussing at
different distances) than for
providing the main optical power.
In man two-thirds of the main ray
bending is done by the cornea [7].
As with homogeneous lenses, a
spherical cornea has its own
version of spherical aberration,
and this is counteracted in man by
the cornea having a slightly dome-
shaped (hyperbolic) profile.
Amphibious animals have
adopted various solutions to the
problem of the sudden loss or
gain of corneal power. Seals, for
example, have nearly flat corneas
with little power in air, and have
re-evolved spherical lenses. Some
ducks have immense abilities to
increase the power of their lenses
by changing their shape when
they dive. The only other major
group which use cornea-based
single chambered eyes are the
spiders. Some of these eyes, most
notably those of the jumping
spiders (Salticidae), have
excellent resolution [8]. Some
insects also have corneal eyes,
especially as larvae, but their main
organs of sight as adults are
compound eyes.
A final method of producing an
image in a single chambered eye
is to use a spherical mirror — the
principle of the Newtonian
telescope (Figure 1D, Box 1). Only
one really good example is known
in animals, in the hundred or so
1 mm diameter eyes that surround
the mantle of scallops (Pecten and
its relatives) [1]. Although the eyes
have a structure resembling a lens,
it is of low refractive index, and
almost all the focussing is done by
the argentea, a multi-layer mirror
made of guanine plates that lines
the back of the eye. The image this
produces falls on one of the two
receptor layers in the retina, the
distal retina, which contains ciliary
receptors that give ‘off’ responses
(the other layer, not in the plane of
focus, contains rhabdomeric ‘on’
receptors). This enables the animal
to respond, by shutting, to
movements of potential predators
in the surroundings. A problem
with this design is that light has
already passed through the retina
once, unfocussed, before being
imaged, and so the contrast is
poor. It does, however, produce a
compact eye and a bright image.
A few other examples are found
in deep-sea crustaceans, such as
the huge ostracod Gigantocypris
[4], but none provides resolution
comparable with that of the
Pecten eye. Many other eyes,
from spiders to cats, also have
mirrors (tapeta) behind their
retinas, but here the function is
not to produce an image, but to
double the effective light path
through the receptors, and hence
improve their photon capture.
Compound eyes
The commonest type of
compound eye present today is
the apposition eye (Figure 2B).
This was also the earliest type of
which we have solid information,
as it was the kind of eye found in
trilobites — arthropods which
arose in the Cambrian and
remained common for over 300
million years until the end of the
Permian. Fortunately for us, the
trilobites had lenses made of
indestructible calcite, so at least
the outer parts of the eye were
well preserved. Apposition eyes
differ from the supposed proto-
compound eye precursor (Figure
2A) in having a lens associated
with each receptor (or small
cluster typically made up of about
eight receptors), its function being
to get more light to the receptors
and define their field of view. Each
lens or receptor group unit forms
an ommatidium, and this is the
basic element of spatial resolution
[9]. Even though each lens
produces a tiny inverted image,
these are not what the animal
sees. The overall image which
projects to the brain is erect, and
is constituted from the apposed
(hence the name) fields of view of
the individual ommatidia. In the
eyes of bees, which are typical
apposition eyes, each ommatidial
field of view is about 1º across.
The receptors that make up
each ommatidium often have
different spectral or polarization
sensitivities, but they all share the
same field of view. In dipteran
flies (Musca, Drosophila) there is a
variant of the apposition design in
which each receptor in the
ommatidium does have a separate
field of view, which it shares with
a receptor in each of the
immediately adjacent ommatidia.
But this arrangement does not
provide increased resolution
because all the receptors with the
same field of view join together in
the next neural layer to give the
same resulting erect image as in a
bee’s eye [9]. What is gained here
is a seven-fold increase in
effective light capture: it is an
adaptation for sensitivity, not
resolution. This arrangement is
often referred to as neural
superposition.
A problem with compound eyes
of all types is that because the
optical elements are so small —
typically about 25 µm in diameter
— the resolution they can provide
is limited by diffraction. As with all
optical systems, the smaller the
aperture diameter the larger is the
interference pattern in the image
(the Airy disc) produced by light
from a point in object space. In
angular terms this is given by λ
(the wavelength of light, about 0.5
µm) divided by D, the lens
diameter. For an insect lens λ/D
comes to 1/50 radian, or 1.15º,
which is 100 times worse than the
resolution of the human eye (our
daylight pupil diameter is about
2,500 µm). 
To improve the resolution of an
insect eye would require not only
an increase in the number of
ommatidia, but also a
commensurate increase in the
lens diameter of each of them.
This means that a doubling of
resolution requires a four-times
increase in eye size, and further
increases quickly lead to eyes of
an absurd size. In terms of
resolution, the compound eye is
something of a blind alley.
The sensitivity of a compound
eye can be increased, however, by
changing the design to one in
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which light reaching the receptors
comes not from one optical
element, but from many (Figure
2C,D). Such eyes are known as
superposition eyes (because light
from many elements is
superimposed), and are common
in nocturnal insects such as moths
and fireflies and in many mid-water
crustaceans [9]. Superposition
eyes differ from apposition eyes in
several ways. They are not so
obviously divided into ommatidia,
and in fact they have a single
deep-lying retinal layer, separated
from the optical elements by a
transparent region — the clear
zone — across which light is
brought to a focus. There is a real
image on the retinal layer, and in
suitable preparations this image
can be seen and photographed
[1,10]. Unlike the inverted images
in single-chambered lens eyes
(Figure 1B) this image is erect (as
is the ‘assembled’ image in
apposition eyes).
The principle involved here was
first described by Exner in 1891
[10]. He showed that, for such an
image to be produced, the optics
must be unconventional. A single
lens will not give the kind of ray-
bending indicated in Figure 2C,
and Exner demonstrated that
each optical element would need
to behave as an inverting
telescope — a two lens device. To
make life more difficult, he
calculated that there was not
enough refracting power in the
surfaces of the optical structures
to do the job: extra refraction had
to be obtained from somewhere. 
The solution Exner came up
with was closely related to the
solution for the spherical lens
(Box 1), namely that the structures
involved had to have a graded
refractive index with most of the
ray bending occurring internally.
He called such structures lens
cylinders, and showed that the
gradient, from axis to outer wall,
should be approximately
parabolic. There was no direct
way of demonstrating such a
gradient in the 19th century, and it
was not until 1973 that his brilliant
conjecture was finally confirmed
in a moth eye.
There is another method of
producing a superposition image
which, superficially at least, is
easier to understand than Exner’s
lens cylinder array. In long-
bodied decapod crustaceans
(shrimps, crayfish and lobsters),
the pattern of facets on the eye
surface is square rather than
hexagonal, and the structures
underneath them are not hard
refractile cylinders, but rather
pyramids of soft jelly. Although
the general structure of the eyes
conforms to the superposition
design, they cannot operate in
the same way as moth eyes. In
1975, Klaus Vogt showed that
these pyramids were silvered,
with a multi-layer not unlike that
in scallop eyes, and that led to
the explanation shown in Figure
2D. The image is formed by low-
angle reflection of light rays from
the sides of the pyramids,
superimposing in the region of
the retina in very much the same
way as the refracted light in the
telescope array of Figure 2C [11].
There is, however, a
complication, which is that most
rays are not reflected in the way
the ideal cross-section in Figure
2D suggests, but encounter the
mirror pyramids obliquely, and
are reflected from two of their
sides. It turns out that this is not
a problem, provided that the two
sides behave as a corner
reflector (a pair of mirrors at right
angles redirects light back
parallel to its original direction,
and so behaves as though it were
a single mirror at right angles to
all incoming rays [1,11]). This
accounts for the unusual square
facet array in these animals. 
In addition to the refracting and
reflecting superposition eye types
there is one other which combines
some features of both, making
use of elements with a lens-mirror
combination. This mechanism,
known as parabolic superposition
[9], is found in the eyes of certain
crabs.
Although there are many
variants of the eye types
described in this article, there are
probably no more major principles
to be discovered. As we have
seen there are many examples of
convergent evolution, the lenses
of fish and cephalopods being the
most impressive example. There
are also examples where a
particular design appears to have
been ‘invented’ only once: for
example, reflecting superposition
eyes seem to be unique to one
decapod crustacean group. Whilst
there are a few, perhaps
surprising, omissions from the
catalogue of optical mechanisms
that animals might have tried —
no zoom lenses or Fresnel lenses
are known in nature — most of the
image-forming devices known to
technology do seem to have
counterparts in animal eyes, even
if the materials from which they
are constructed are not what
would be the first choice of an
optical engineer.
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